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SLHui.ARY. 

Radiographs  are  presented  showing  stages  in  the  development 
of  the  kunroe  effect  in  an  80°  cone  and  a  spherical  cap,  . 
and  the  projection  of  some  plane  discs. 

A  time  scale  has  been  recorded  on  the  radiographs  by  the 
us©  of  a  detonating  fuse  clock. 

T_  tie  ease  of  the  80°  oone,  the  formation  of  jet  and  plug 
can  be  followed  from  the  inciden.e  of  the  detonation  wave, 
up  to  about  60  mi er.se conds  later,  when  the  jet  is  some 
30  cms.  leng.  The  jet  from  the  spherical  cap  can  be  foil,  w- 

ed  for  15  cms. 

Measurements  from  the  radiographs  have  yielded 
-  „  tha  1et  and  plug  from  the  80®  cone,  and  for  the  project 

ed  material  from  the  plane  discs,  evidence  of  tt>e  degree  of 
fragmentation  both  in  the  curved  and  flat  linings  is  ob 
ed.  '  The  information  that  these  radiographs  yield  about  the 
formation  and  nature  of  winroe  jets  is  discussed. 

It  is  concluded  that  for  the  80°  cone,  the  results  are  in 
good  agreement  with  the  hydrodynamic  theory  *f  the  munroa 

effect  (i,  ii).  4  ..  :•*  '  fl| 

p^THQIXJCTIOK. 

The  technique  of  these  experiments  was  given  : in’ ‘ ‘ 

The  method  briefly  is  to  use  an  intense  fashh  f.8'  Urf02y 

some  fraction  .f  a  microsecond,  to  record  a  shadowoftherapldly^ 
changing  configuration  of  a  shaped  charge  during  and flash 
ti“  The  metal  parts  throw  clear  shadows,  uncomplicated  by  flash 

and  smoke. 

The  signal  for  the  production  of  the  X-ray  flash  has  to  be  given 

in  advance  of  the  ia‘ ^^ft^inter^als  required,’ are 

^ZTyVeT^le  if  a^deto naming  wave  down  a  paired  length  of 

detonating  fuse.  ,  - 

f  a  r  5b96  -  J  L.  Tuck  -  A  note  .n  the  theory  ef  the  kunree  mrract. 

•  3734  .  G  I.  Taylor  -  A  f.rmulation  «f  Mr.  Tuck’s  conception 
u.  A.o.  O  O  .  of  ^roe  jets. 
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.  that  the  delay  associated  with  the 

Previous  experience  bad  shown  t  so  an  independent  time  # 

X-ray- tube  firing  circuits  was  not  constant ^  ^ 

measurement  was  .btained  fr°^  ?t  oualy  radiographed  by  the  flash, 
detonating  fuse  which  was  ai ^an  £en  along  the  edge 
wire  indices  on  the  formed  reference  points,  by  which 


Lne  — 

.  „,„t  of  «M  a.tomuon  «*»«  fra'  ■"  "* 

iorifx  -!«.  •  ««»  1"* 


Uj  paiuw***0  - 

»  «..l  wire,  hell  «  ,!«  «i 

s-as  sss. ■ s. “  -  -  - 1»  s“-  -i> 

A. 4,  etc .■ 


blast  it  served  for  this  purpose, 

In  spite  of  some  damage  by  the  taking  a  preiiminary  weak 

until  the  better  method  was  intensity  reducing  soreen. 

exposure  before  firing,  ro  6  ,  3  ^,12,  etc.,  and  they  form 

ouch  ghosts  are  to  be  seen  ™  ^fk  n£;3  ’  Ia  order  to’prevent  possible 

a  very  satisfactory  method  of  working  a  ghost  exposure 

^nf>isi on  in  the  interpretation,  axj-  ^ 

hav^a^ suffix  (0)  as  their  index  number. 


n«  script  Ion  of  the  Chargejh 


-  siomntfir  and  contained  30  gms.  of 

see;,  °f  wai1  thietaes8 


1  •  5  m.m. 


n ... ...» 


80°  Cones. 


Material 

Diameter 

Thickness 


•  •  • 


•  •  • 


•  •  • 


Brass. 

30  m.m, 

.024”  =  0*64  m.m. 


If  the  Eunroe  effect  » 

opment  of  penetrating  per  °  '  maximum  Eunroe  effeet  ior 

charge  were  chosen  to  81™  ar0£*  example,  one  of  the  charges, 
such  a  lightly  cased  charge.  For  examp  .  distanoe  of  ij 

-,_„d  against  a  massive  mild  steel  target,  ax 
diameters,  gave  a  penetration  of  81  m.m. 


Spherical  Caps, 


Material 

Diameter 

Thickness 

Curvature 


•  •  • 


•  •  • 


•  • 


•  •  1 


Cadmium. 

30  m.m. 

•  ,056"'=  1.4  m.m.  ; 

22  m.m.  radius  =  .75  D. 


*1  f  these  charges  were  chosen  from  the  papers  of 

5~  ■«“«*  '*”*•* ot  *“* 


_ _ _ _ bo i ,  hde  -  The  Munroe  jets  formed  by 

TTf - a  r  9461  -  kvans  <*.  Ubbelohde  inw 

ill.  A.C.24  varlous  lined  'hollow  charges. 


3. 


Plane  Discs. 

The  thickness  of  the  discs  vms  selected  to  be  comparable  with  thet 
of  the  80°  cone  lining,  with  the  intention  of  deriving  from  the 
radiographs,  information  concerning  the  magnitude  of  the  velocity 
of  projection  of  the  lining  material,  and  more  particularly,  how 
this  velocity  varied  across  the  face  of  the  charge. 

Observations  on  the  80°  Cone  Pictures. 

■■  -  -  ■—  ~  ■  1  '  ~ 

The  collapse  of  the  cone  is  seen  to  take  place  progressively  from 
apex  to  base,  with  the  development  of  an  axial  jet  and  plug. 

The  velocities  obtained  for  the  jet  and  plug,  have  been  measured 
from  the  radiographs,  and  plotted  in  Fig.  1.  The  values  are:- 

Vj  =  4.25  x  105  cm./ sec.  =  14,000  f. s. 


Vp  =  0.715  x  105  cm. /sec.  =  2,350  f.s, 


This  behaviour  is  in  accordance  with  that  expected  on  hydrodynamic 
grounds  if  the  conical  lining  were  behaving  as  a  fluid  shell.  That 
such  behaviour  can  be  justified,  without  melting  of  the  metal,  is 
on  account  of  the  smallness  of  the  rigidity  forces  ol  the  metal, 
when  compared  with  the  forces  exerted  by  the  explosive,  and  arising 
dynamically  out  of  the  subsequent  high  velocity  flow. 

Tho  treatment  (2)  for  a  fluid  shell  whose  thickness  is  inversely 
proportional  to  its  distance  from  the  axis  gives  expressions  for  the 
plug  and  jet  velocities  Vp  and'  Vj  of 

Vj  =  Vcot^/2 

✓ 

Vp  =  V  tan  */2 

V  =  velocity  of  initial  projection  of  lining. 

=  (v  t  t 

0  =  semi-angle  of  cone. 

£>  =  throw-off  angle  of  the  projected  material. 

X 

(Vp  Vj)2 
2  tan  Vp/Vj 


where 


whence 


and 


V 


cK  = 


Using  the  experimentally  observed  values  -of  Vp  and  Vj 
„  5 

we  find  V  =  1.73  x  10  cm. /sec.  =  5,700  f.s, 

and  0^  —  44.5 


This  value  of  V  for  cone  material  of  thickness  -  (.024")  may  be  compared 
with  the  observed  maximum  velocities  of  projected  plane  discs  of  7,600 
f.s.  for  .03"  and  11,300  f.s.  for  .02”  thickness  respectively  (Fig.l  and 
plate  3) . 

•  • 

The  calculated  value  of  yields  for  the  throw-off  angle 

£  =  4.5°  •  : '  ' 
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> . 


We  can  obtain  an  independent  observation  of  by  combining  the 
value  of  V  obtained  above  with  the  detonation  velocity  Vd  in  the 

equati on 

V  _  sin  £ 

V  D  co  s  «£) 

giving  cy  =  9.5  / 

»  \ 

which  is  about  twice  the  previous  value. 

This  inconsistency  seems  to  be  reconcileable  very  satisfactorily  as 
follows:  in  deriving  the  equation  yielding  the  first  value  of 

f rom  Vp  and  Vj,  G.  I.  Taylor  makes  the  reasonable  approximation  that 
the  motion  of  points  in  the  projected  front  of  lining  material  is 
normal  to  that  front.  Actually,  the  direction  of  motion  of  such 
points  makes  an  angle  to  the  normal  which,  in  the  case  of  a  wave  moving 
parallel  to  the  surface,  amounts  toC^/2  as  he  showed  in  his  paper  on 
the  detonation  of  a  long  cylindrical  bomb  (iv).  But  further  discuss¬ 

ion  on  this  point  may  be  left  to  another  paper. 

A  striking  feature  of  the  radiographs  is  the  appearance  of  a  frill 
or  rim,  which  forms  about  the  plane  of  the  base  of  the  cone^.  This 
rim  appears  to  be  formed  from  the  regions  of  the  cone  near  to  the 
edge,  and  to  have  a  velocity  gradient  which  changes  its  shape  from 
the  original  cone,  through  a  curved  brim,  and  an  inverted  cone,  to 
a  cloud  of  fragments  moving  with  a  velocity  of  a  few  hundred  feet 
per  second.  Sometimes  a  ring  is  observed  (a.  4,  Ajj_9  )  •  There  is  no 
doubt  that  this  phenomenon  is  due  to  the  fall  in  V,  the  intial  pro¬ 
jection  velocity  of  the  cone  material  at  the  edges  of  the  charge. 

Some  such  effect  would  bo  expected  in  heavily  confined  charges, 
merely -on  account  of  there  being  less  explosive  behind  the  cone  to¬ 
wards  the  edge,  and  in  lightly  confined  charges,  such  as  had  to  be 
used  in  these  experiments,  the  effect  is  accentuated.  *- 

The  residual  ring  (A.4,  A. 9)  which  sometimes  appears,  is  doubt¬ 
less  due  to  the  entrapping  of  a  ring  of  air  about  the  extreme  edge 
of  the  cone  lining  during  assembly  of  the  charge.  This  rim  would  then 
be  left  behind  by  the  faster  moving  main  body  of  the  cone  lining. 


There  is  no  evidence  on  the  radiographs  of  fragmentation  of  the  lining 
during  collapse. 

The  view  that  fragmentation  of  the  lining  takes  place  at  or  during 
projection  from  the  explosive,  does  not  fit  in  very  satisfactorily 
with  the  hydrodynamic  theory  of  the  loinroe  effect.  . 

So  far  as  the  outside  layers  of  the  lining  are  concerned,  the  plugs 
recovered  after  firing  luinroe  charges  having  brass  or  steel  linings 
and  developing  armour  penetration  of  the  highest  standards,  show 
the  original  outside  surface  markings  of  the  cone  lining  with  such 
fidelity,  that  the  hypotheses  that  such  material  had  undergone  frag¬ 
mentation  and  then  reunited  is  quite  untenable. 

As  for  Hopkinson  fragmentation  from  the  inner  surface  of  the  cone, 
the  minimum  requirement  for  the  hydrodynamic al  mechanism  to  apply, 
is  that  no  tangential  flow  takes  place  along  a  circle  about  the  axis 
of  the  charge.  If  the  fragmentation  is  so  fine  that  no  gaps  exist 

PHYS/jiA.100  -  G.  I. Taylor  -  The  detonation  of  a  long  cylindrical 

1NT  bomb .  • 


between  the  particles,  into  which  flow  could  take  place,  then 
hydrodynami celly  speaking,  the  system  can  be  treated  as  a  fluid 
and  the  hydrodynamic al  mechanism  can  be  applied. 

It  is  difficult  from  the  radiographs,  to  give  a  precise  instant 
for  the  completion  of  the  formation  of  jet  and  plug.  The  jet. 
continues  to  elongate  up  to  thu  *imit  oi  the  time  of  observation 
but  the  issuing  jet  seems  to  be  thinning  at  30  microseconds  (A.  10) 
and  an  abnormal  graininess  can  be  discerned  in  the  jet  on  the  nega¬ 
tive  at  35  microseconds  (a.11). 

Thereafter,  a  pronounced  structure  appears  in  the  jet.  The  struct¬ 
ure  appears  distinctly  regular,  with  a  period  of  about  1  cm. 

Spot  microphotometer  readings  made  at  intervals  oi  1  m.m.  on  the 
jet  image,  have  not  provided,  however,  any  very  convincing  evidence 

of  periodicity. 

The  explanation  of  the  indefiniteness  in  the  point  of  separation  of 
jet  and  plug,  is  to  be  found  in  the  decline  in  V  from  axis  of  cone 
lining  to  the  edge.  This  would  have  the  effect  of  smearing  out  the 
well  defined  separation  that  would  be  expected  with  a  uniform  value 
of  7  and  also  would  be  expected  to  produce  a  jet  with  a  velocity 
falling  from  tip  to  tail. 


It  is  tempting  to  explain  the  break-up  of  the  jet  in  terms  of  a 
tension  arising  out  of  this  velocity  gradient.'  But  there  seems 
n«  evidence  that  the  jet  is  a  continuous  rod  capable  of  support¬ 
ing  a  tension  and  the  indications  are  rather  the  reverse  since  a 
graininess  is  already  visible  at  A. 11  before  the  main  break-up  has 
developed,  and  a  general  impression  of  cloudiness  is  given  even 

earlier.  / 

The  spherical  cap  lining. 

The  radiographs  obtained  show  the  performance  of  this  lining  to  be 
consistent,  judging  from  the  similar  appearance  of  some  of  the 
pictures . 

Measurements  of  the  velocities  from  the  radiographs  give  rather 
variable  values  for  the  jet  velocity  in  the  region  of  10,000  f.s. 
This  value  seems  low  compared  with  the  results  obtained  elsewhere. 

A  possible  reason  for  this  may  be  th*it  the  convergence  of  these 
caps  being  low ,  may  result  in  the  formation  of  the  jet  being  in¬ 
complete  during  the  period  covered  by  the  radiographs. 

From  the  point  of  view  of  the  hydrodynamic  theory  of  the  iuinroe 
jet,  the  sequence  of  events  in  the  formation  of  a  jet  from  a  spher¬ 
ical  shell  is  obscure. 

The  general  similarity  in  the  behaviour  of  spherical  caps  and  cones 
and  indeed  of  all  re-entrant  chapes,  could  be  held  to  be  evidence 
that  a  mechanism  vjhich  accounts  with  some  completeness  for  the  be¬ 
haviour  of  the  conical  lining,  would  play  a  part  in  the  mechanism 
of  all  the  other  re-entrant  shapes.  In  the  case  of  a  spherical 
shell,  the  presentation  of  the  collapse  as  the  continuous  opera¬ 
tion  of  a  simple  process,  as  can  be  done  for  a  cone,  is  not  poss¬ 
ible.  Treating  the  spherical  cap  in  a  manner  similar  to  that  of  a 
cone,  the  detonation  wave  encounters  first  a  flat  surface.  As  the 
successive  cones  of  the  sphere  are  exposed  to  the  pressure  behind 
the  advancing  detonation  wave  front,  they  could  be  regarded  as 
successive  frustums  of  a  cone  of  constantly  decreasing  angle. 
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Unfortunately,  the  theory 

smaller  angle  of  convergen  >  material  has  to  pass  through 

J«.  «“!  ““'.r, U  «  r  i«  i«  f»« 

the  earlier  but  *l.wer  material,  Pr 
it  cannot  be  answered  from  the  pictures. 

The  flat  discs., 

!» “ISIpoS.”.  SZ- 

s,s  »rrr;;”.r.rf  t  s«r;,r,  -  -a 

projected  material  front,  with  tine. 
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prior  to  collapse. 
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FIG. I 


DISPLACEMENTS  MEASURED  I- ROM  THE  RADIOGRAPHS  AND  PLOTTED  AGAINST  Tl  ME  . 


DETONATOR  N°8  BRISKA 


INTERPRETATION  FROM  THE  RADIOGRAPHS  OF 
THE  STAGES  IN  THE  COLLAPSE  OF  AN  SO*  CONE. 

THE  CURVED  RIH  WHICH  FORMS  ROONOTHE 
PLUG  CAN  be  shown  TO  BE  A  CONSEQUENCE  OF 
THE  FALL  IN  V,  THE  INITIAL  PROJECTION 
VELOCITY  OF  THE  CONE  LINING  FROM  AXISTOEDGE 

This  fall  in  V  is  likewise  responsible  for 

A  VELOCITY  GRADIENT  IN  THE  JET  WHICH 
TENDS  TO  STRETCH  IT  AND  TO  K.  THE 

DEFINITE  SEPARATION  WHICH  APPEARS  IN  THE 
IDEAL  MODEL  OF  FIG  2. 

THE  JET  IN  THE  LATE  ST*CE&  APPEARS  TO  HKVCaaOKEN 

UP  INTO  A  SCRIES  OF  PORTIONS  NAViN*  SOME  A PPg*Q»N4S  OP 

RS&u  ULGirY- 

MEASURED  VALUE  OF 

JET  VELOCITY  V^.  '  4-25  *  10s  CM/SE C’  IfoooFS. 
PLUG  VELOCITY  Vp  •  O715  A  IOS  C  m/SEC  -  2^50  F-S. 
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MUNRQE  EFFECT  SO"  CONE.  (*)  Thsoretica-u. 
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THE  DINGRAMS  DEPICT  THE  COLLAPSE  OF  AH  80* 
CONE  ACCORDING  TO  THE  THEORY  OF  THE  MONROE 
EFFECT  DEVELOPED  IN  PAPERS  AC359E*  ANDAC3734 
THE  IDEAL  CASE  IS  REPRESENTED  WHERE  THE 
INITIAL  VELOCITY  OF  THE  CONE  LINING  V  IS  EVERYWHERE 
UNIFORM  AND  THE  THICKNESS  OF  THE  CONE  LINING 
VARIES  INVERSELY  AS  ITS  DISTANCE  FROM  THE  AXIS 
OF  THE  CONE. 

The  EXPERIMENTALLY  OBSERVED  VALUES  OF  VpAHD 
Vj  HAVE  BEEN  USED  TO  CALCULATE  V,<*  AMD  THE  TIME  SCALE 

PLUG  V  -  Vp  *  0715  x.  10scm/scc  -  2350  f»- 

JET  Y  *  Vj  *  4-25  x  lO*CM/MiC  ’  14.000  FS. 

DETONm  V  -  V0  *  8  0  x  10s  CM/ SEC  * 

CALCULATED.  ». 

v-  o^r  *  I  73  *IOs  CM/SEC  -  5.700  FV 
C <  •  2  TAN  '  3  4  4  *  5 ° 

(a)  INSTANT  of  CONTACT  OF  DETONATION  WAVE  WITH  CONE 
(^detonation  completed. 

(q\  COLLAPSE  COMPLETED  PLUG  AND  JET  COMMENCE 
J  TO  SEPARATE. 

unburnt  explosive 


vr 

1^. 

Studies  of  shaped  charges  by  flash  Radiography. 


SK. 12850. 


